We simultaneously measured neurotransmit ter amino acids by the microdialysis technique and corti cal CBP by laser-Doppler flowmetry in the ischemic pen umbral cortex of rats subjected to 2-h normothermic (36.5-37SC) transient middle cerebral artery (MCA) clip occlusion. Brains were perfusion-fixed 3 days later and infarct volume measured. CBP (% of preischemic values) fell to 32 ± 2% (mean ± SD) during ischemia and rose to 157 ± 68% during recirculation. Extracellular glutamate levels increased from a baseline value of 7 ± 3 f.LM to a peak value of 180 ± 247 f.LM 20-30 min following onset of ischemia but subsequently returned to near baseline lev els after 70 min of ischemia despite ongoing MCA occlu sion. The threshold CBP for moderate glutamate release was 48%. Massive glutamate release was seen during the first 60 min of MCA occlusion in the two animals showing Glutamate-mediated excitotoxicity, though not the sole factor, is now accepted as a major mecha nism of ischemic neuronal damage. In in vitro cell culture studies, the vulnerability of both hippocam pal and cortical neurons to anoxia has been related to glutamate release from presynaptic terminals (Rothman, 1984; Choi et aI., 1987). In in vivo stud ies of both global and focal ischemia, extracellular glutamate levels increase massively during the isch emic period (Benveniste et aI., 1984; Hagberg et aI., Abbreviations used: EI, excitotoxic index; GABA, -y-ami nobutyrate; MeA, middle cerebral artery.
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1985; Globus et aI., 1988 Globus et aI., , 1991 Hillered et aI., 1989; Shimada et aI., 1989 Shimada et aI., , 1990 Butcher et aI., 1990; Mitani and Kataoka, 1991; Matsumoto et aI., 1992) .
In models of focal ischemia produced by middle cerebral artery (MCA) occlusion, the intensity of ischemia is regionally inhomogeneous (Tamura et aI., 1981b) . While the striatum, supplied by end arteries, becomes densely ischemic, the cerebral neocortex of the MCA territory is well endowed with collateral circulation. The particular zone termed "ischemic penumbra" is viewed as an area lying outside the zone of dense cortical ischemia, in which CBF is sufficiently diminished to extinguish spontaneous or evoked electrical potentials yet suf ficient to allow maintenance of membrane poten tials and gross cellular ionic homeostasis (Symon, 1980; Astrup et aI., 1981; Hakim, 1987) . It is per-haps for this reason that N-methyl-D-aspartate and non-N-methyl-D-aspartate antagonists appear to ex ert their beneficial effect only in cortical regions (Park et a1., 1988a,b; Steinberg et a1., 1988; Bullock et a1., 1990; Gotti et a1., 1990; Buchan et a1., 1991; Smith and Meldrum, 1992) .
According to the concept of excitotoxicity (J�r gensen and Diemer, 1982; Rothman, 1983 Rothman, , 1984 Si mon et a1., 1984; Wieloch et a1., 1985) , glutamate released into the extracellular space would be ex pected to influence neuronal damage in the isch emic penumbra. Nonetheless, relatively few studies of this issue have been carried out in models of focal or regional ischemia. Hillered and co-workers (1989) studied the dynamics of glutamate release in the striatum of rats with MCA occlusion but did not relate neurochemical data to pathological outcome. co-workers (1989, 1990) related gluta mate release to CBF in a cat model of graded isch emia and demonstrated a threshold-like release of neurotransmitter amino acids similar to that seen during global ischemic insults. Butcher et a1. (1990) demonstrated a significant positive relationship be tween the volume of ischemic damage and the amount of amino acid release in a rat permanent MCA occlusion model.
Previous studies from this laboratory have con firmed that glutamate plays an important role in the genesis of ischemic neuronal injury (Globus et a1., 1990 (Globus et a1., , 1991 . Furthermore, in recent studies in rat MCA occlusion under conditions of controlled brain temperature, a relationship was noted be tween changes in CBF and pathological outcome (Morikawa et a1., 1992) . The aim of the present study was to clarify the relationship among local CBF, extracellular glutamate, and pathological outcome in a model of reversible proximal MCA occlusion in the rat. We also measured -y-amino butyrate (GABA) and glycine because the latter neurotransmitters are thought to interact with glu tamate in determining patterns of excitotoxic injury (J ohnson and Ascher, 1987; Sternau et a1., 1989; Patel et a1., 1990; Globus et a1., 1991) . To achieve our aims, we employed the microdialysis technique in conjunction with laser-Doppler flowmetry in a rat model of transient MCA occlusion. Because tem perature has a marked influence on the release of amino acids and the resulting ischemic damage (Busto et a1., 1989; Dietrich et a1. , 1990; Minamis awa et a1., 1990b; Mitani and Kataoka, 1991; Morikawa et a1., 1992) , we monitored ipsilateral temporal muscle temperature and, by that means, regulated brain temperature. Portions of this study have been reported in a preliminary form (Ginsberg et a1., 1992; Takagi et aI., 1993) . Vol. 13, No. 4, 1993 
MATERIALS AND METHODS

Animal preparation and monitoring
We used male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, U ,S,A.) weighing 300-400 g, Animals were fasted overnight but allowed free access to water. Anesthesia was induced with 4% halo thane, 70% nitrous oxide, and a balance of oxygen and was maintained with 2% halothane and 70% nitrous oxide during the surgical procedures. Atropine sulfate (0.04 mg i.p.) was injected. The right femoral artery and vein were cannulated with PE-50 polyethylene catheters for moni toring of arterial blood pressure and blood gases and for the administration of drugs. Heparin (10 IU/ml) was in jected into each line. The total amount of heparin admin istered was 30--50 IU. Rats were then intubated endotra cheally, immobilized with pancuronium bromide (initial dose 0.6 mg/kg; additional dose 0.2 mg/kg), and mechan ically ventilated. The head was fixed in a stereotaxic frame (Stoelting, IL). Blood gases were monitored (ABL 30 system; Radiometer, Copenhagen, Denmark) prior to MCA clipping, during ischemia, and after recirculation. Rectal temperature was maintained between 37.0 and 38.0°C during the experiment by means of a heat lamp placed above the body.
The cranial vault and the right lateral surface of the skull were exposed via a longitudinal skin incision be tween the eye and the ear. The zygomatic arch was re moved to obtain easier access to the undersurface of the temporal bone. Procedures requiring cranial drilling or drainage of cerebrospinal fluid were carried out first so as not to affect subsequent microdialysis or CBF measure ments. A burr hole (3 mm in diameter) for the microdial ysis and laser-Doppler probes was made above the right parietal cortex by means of a high-speed minidrill (Nihon Seimitsu Kikai Kogyo K.K., Japan) under an operating microscope (Carl Zeiss, Germany); the field was irrigated frequently with cooled saline to avoid thermal damage. A small incision (�1 mm) was made in the dura mater and arachnoid membrane to permit passage of the microdial ysis probe and thereby avoid possible compression injury to the cerebral cortex during probe insertion; the dura mater was left otherwise intact. A temporal burr hole was then made in the retroorbital region to permit clipping of the MCA according to the method of Tamura et al. (1981a) . The dura mater was opened and the pial mem brane covering the MCA was incised.
A microdialysis probe (I-mm dialysis membrane, CMA/12, Carnegie Medicin, Sweden) was stereotaxically implanted in the right dorsolateral parietal cortex (0.7 mm anterior and 4.0 mm lateral to the bregma and 2.0 mm ventral to the dura). This "penumbral" position of the probe was determined based upon previous studies from our laboratory (Nakayama et aI., 1988) and by others (Tamura et aI., 1981b; Tyson et aI., 1984; Duverger and MacKenzie, 1988; Shiraishi et aI., 1989) using the same proximal MCA occlusion model in Sprague-Dawley rats. This cortical area is not consistently involved in infarc tion (Duverger and MacKenzie, 1988; Nakayama et aI., 1988) , and CBF and glucose utilization are maintained acutely at higher levels compared with the adjacent isch emic core region (Tamura et aI., 1981b; Shiraishi et aI., 1989) . The probe was continuously perfused with Ring er's solution (147 mM NaC!, 4 mM KCI, and 1.3 mM CaCI2) at a flow rate of 2 IJ.Umin by means of a microin fusion pump (CMA/I00, Carnegie Medicin, Sweden).
Prior to implantation, the probe was immersed in stan dard amino acid solutions to compute recovery rates for each amino acid.
Following these procedures, the inspired halothane concentration was reduced to 0.75% and a 2-h stabiliza tion period was permitted prior to initiating dialysate sam pling.
Reversible MeA occlusion
The proximal portion of the right MCA was occluded with a small metal clip (Zen temporary clip, l5 g pressure; Ohwa Tsusho, Tokyo, Japan) 2.5 h following insertion of the microdialysis probe. The clip was released following 2 h of ischemia.
Brain temperature probe
Brain temperature was monitored with a thermocouple probe (CN 9000; Omega, CT, U.S.A.), which was cali brated against a mercury thermometer before each exper iment. It was inserted into the temporal muscle ipsilateral to MCA occlusion, and temperature was maintained be tween 36S and 37SC throughout the experiment, in cluding during the ischemic period.
Laser-Doppler flowmetry
Local CBF was measured continuously throughout the experiment by means of a laser-Doppler probe (P433-3; Vasamedics, MN, U.S.A.) placed on the dura mater 1 mm lateral to the microdialysis probe. This probe was connected to a perfusion monitor (LaserFlo BPM 403A; Vasamedics). Steady-state baseline values were recorded before MCA occlusion, and CBF was expressed as a per centage of the average of six baseline measurements taken every 5 min prior to MCA occlusion (Dirnagl et aI., 1989) . Because ambient light interferes with the flow reading, the heating lamp and microscope illumination were turned off for 30 s at the time of each blood flow recording. Brain temperature did not decrease below 36SC during this period.
Microdialysis
Samples of microdialysis perfusate, representing corti cal extracellular fluid, were collected at lO-min intervals over the 30-min period prior to ischemia (3 samples), at lO-min intervals during the 120-min ischemic period (12 samples), and at 30-min intervals during the 180-min re circulation period (seven samples). Glutamate, glycine, and GABA concentrations in the perfusate were analyzed by HPLC with electrochemical detection (Allison et aI., 1984) . The levels of extracellular amino acids were cal culated according to the following formula (Benveniste, 1989) :
where C j is extracellular amino acid concentration and Cout is the concentration measured in the dialysate.
To take into account an imbalance between excitatory and inhibitory amino acid action in the genesis of isch emic neuronal damage, Globus et al. (1991) proposed an excitotoxic index (EI), defined as follows:
where [glutamate], [glycine], and [GAB A] are extracellu-lar concentrations of the respective amino acids. We also computed this index.
After the experiment, rats were returned to their cages and allowed free access to food and water until perfusion fixation.
Histopathology
Brains were perfusion-fixed for pathological examina tion 3 days following the ischemic insult. The rats were deeply anesthetized with pentobarbital and perfused transcardially with physiological saline (5 min) and then with FAM [a mixture of 40% formaldehyde, glacial acetic acid, and methanol (1: 1:8 by vol)] for 20 min at a pressure of 120 mm Hg. The head was immersed in FAM for at least 24 h; the brain was then removed and kept in the same fixative for 7 days. The brains were cut coronally and embedded in paraffin. Brain sections 10 fLm thick were prepared at 200-fLm intervals and were stained with hematoxylin and eosin. For morphometric study, 10 co ronal sections were selected at defined anatomic levels (Osborne et aI., 1987) . Each section was viewed at low power (10x), and the cortical infarct was traced onto pa per using a camera Lucida microscope attachment. Each drawing was then retraced onto a digitizing tablet inter faced to a computer, which calculated infarcted areas at each coronal level. Infarct volume was calculated by nu merical integration of sequential infarct areas.
Two animals were operated on in the same manner and dialyzed without ischemia to assess the changes of extra cellular amino acid during the experimental period and the histological effect of the microdialysis probe and its continuous perfusion on brain tissue (control animals).
Animals whose physiological variables could not be kept within normal limits were excluded from analysis.
Statistical analysis
All data are expressed as means ± SD. The analysis of variance and post hoc analyses were used for the statis tical evaluation of amino acid neurotransmitter levels, a paired t test for CBF changes during ischemia, and linear regression analysis to examine the relationships among infarct volume, CBF, and amino acid levels (SYSTAT software package) (Wilkinson, 1989) . Differences were considered to be statistically significant at p < 0.05. Be cause of the need for multiple comparisons, the Bonfer roni correction principle was used.
RESULTS
Seven rats met the physiological criteria. CBF and neurotransmitter amino acids were measured in these animals and statistically analyzed. One animal showed an abnormally high value for glycine; the glycine data from this animal were discarded ac cording to the Smirnov test for extreme values. One ischemic rat died prematurely. Thus, six animals were available for pathologic analysis. One control animal also died before the perfusion date and was excluded from pathological analysis.
Physiological variables
Physiological variables were generally kept within normal limits during the experiment, al-though Pco2 levels during the ischemic period tended to be slightly elevated (Table 1) . Figure 1 shows CBP alterations in the penumbral cortex during the experiment. CBP decreased to its lowest level, amounting to 23 ± 8% (range 10--34%) of the preis chemic level, immediately following MCA occlusion, with one exception in which the lowest CBP was observed 20 min after the onset of ischemia. CBP then gradually increased to 38 ± 12% by the end of the 2-h occlusion period. Average CBP value during the entire ischemic period was 32 ± 12% of the preischemic level. Average CBP val ues during the first and second halves of the isch emic period were 27 ± 10 and 36 ± 11 % of the preischemic value, respectively. CBP during the last half of the ischemic period was significantly higher than during the first half (p = 0.018, paired t test). In individual animals, average CBP during the ischemic period correlated highly with the lowest CBP value (,2 = 0.818, p = 0.005, regression anal ysis). Pollowing release of the MCA clip, CBP in creased sharply to 170 ± 90% of the preischemic level. Six of seven animals showed immediate re covery of CBP above 100% of preischemic levels. In one animal, the CBP recovery was not as re markable but nevertheless reached 79% of the preischemic level and at times exceeded 100% dur ing the 3-h recirculation period. Hyperemic CBP continued throughout the postischemic observation period. Average CBP computed over the 3-h recir culation period was 157 ± 68% of the preischemic value.
CBF changes
Extracellular amino acid neurotransmitter levels
The in vitro recovery rates for glutamate, GABA, and glycine were 2.2 ± 1. 0, 3. 1 ± 1. 9, and 4. 4 ± 3. 1 %, respectively. In control animals, extracellular levels of amino acids were maintained at stable lev els during the entire observation period. Control values of glutamate, GABA, and glycine were 2. 4 ± 2.7, 2. 4 ± 2.4, and 8.8 ± 5.9 J.1M, respectively (n = 2). Changes in extracellular glutamate, GABA, gly cine, and EI levels in the preischemic period and The average CBF of the last half of the ischemic period (36 ± 11%) was significantly higher than that of the first half (27 ± 10%) (p = 0.Q18, paired ttest). Mean CBF after recirculation was 157 ± 68% of preischemic value. CBF persisted at hy peremic levels during the 3-h recirculation period.
during 2 h of ischemia and 3 h of reperfusion are shown in Pig. 2. Glutamate. A stable baseline glutamate level, 7 ± 3 J.1M, was measured during the 30-min preischemic period. Extracellular glutamate concentration be gan to increase immediately after ischemia and reached a peak level of 180 ± 247 J.1M 20--30 min following MCA occlusion. Glutamate levels subse quently declined, attaining near baseline levels by 70--80 min of MCA occlusion, despite the persis tence of ongoing ischemia. When compared with preischemic baseline, glutamate levels at 20--30 min (p = 0.0001) and 30--40 min (p = 0.001) were sig nificantly elevated. By contrast, after 40 min of ischemia and during the 3-h recirculation period, there was no significant difference when compared with the baseline levels. However, some animals showed still high levels of extracellular glutamate even after 60 min of MCA occlusion.
GABA. Baseline level of extracellular GAB A was 2.3 ± 2.2 J.1M. GABA rose to a peak level of 21 ± 21 J.1M 40--50 min following MCA occlusion and de clined subsequently toward near-baseline, with a time course similar to that of extracellular gluta mate. Although GAB A increased markedly during ischemia and analysis of variance demonstrated that the overall increase was significant, post hoc tests failed to establish at which points this increase was statistically significant.
Glycine. The pattern of extracellular glycine was similar to those of glutamate and GABA. Significant glycine elevations with respect to preischemic base line were attained at 20--30 min (p = 0.003) and 30--40 min (p = 0.0002) of ischemia. EI. The pattern of EI was similar to those of glu tamate, GABA, and glycine. Significant EI eleva tion with respect to preischemic baseline was at tained only at 20-30 min (p = 0.0005).
Ischemic CBF threshold for neurotransmitter release
In individual animals, each extracellular gluta mate measurement obtained prior to, during, and following MCA occlusion was plotted against its re spective CBF value. These data are illustrated in Fig. 3 . The 95% confidence interval (mean ± 1.96 SD) for preischemic glutamate was also calculated. The highest ischemic CBF value at which the isch emic glutamate level showed a value higher than the upper limit of this range was regarded as the isch emic threshold level of CBF for glutamate release. Below a CBF threshold level of 48% of the pre ischemic value, substantial elevation of extracellu lar glutamate level was observed (p = 0.0004).
An estimate of total glutamate release during ischemia was obtained by summation of sequential microdialysis concentrations. An inverse relation ship between mean ischemia CBF values and total extracellular glutamate levels was suggested but did not attain statistical significance. Similarly, peak glutamate levels did not correlate with mean isch emic CBF.
The plots of extracellular GABA, glycine, and EI levels versus CBF values in individual animals showed patterns similar to that observed for gluta mate release (Fig. 3) , and the CBF thresholds for massive release of GABA and glycine were the same as for glutamate release. The ischemic CBF threshold for the EI was 42% of preis chemic values.
Relationship among histopathology, CBF, and glutamate release
In control (nonischemic) animals, microdialysis probe insertion was associated with only subtle pa renchymal changes immediately adjacent to the probe tract. In rats with MCA occlusion, the pre dominant pathologic change consisted of ischemic infarction with pan-necrosis. Four animals showed definite infarction. In these animals, the microdial ysis probe site was included within the infarct area. In correlating pathologic change with cortical CBF and extracellular amino acid levels, we considered only the cortical component of the infarct. A strong inverse correlation was noted between mean isch emic CBF and cortical infarct volume (,2 = 0.75, p = 0.025, regression analysis) (Fig. 4a) . A positive correlation was noted between total ischemic gluta mate and cortical infarct volume (,2 = 0.72, p = 0.033, regression analysis) (Fig. 4b) . A positive cor relation was also noted between peak ischemic glu tamate level and infarct volume (,2 = 0.76, p = 0. 024, regression analysis) (Fig. 4c ). However, there was no significant correlation between corti cal infarct volume and the levels of GABA, glycine, or EI during ischemia.
During the 2-h MCA occlusion period, mean CBF during the last 60 min was significantly higher than during the first 60 min. In addition (Fig. 4) , two animals showed much larger infarcts than the other four pathologically studied animals. Thus, we per formed a graphic analysis of these subgroup data. It was in the two rats with the largest infarcts that massive elevation of extracellular glutamate oc curred; these were all observed during the first but not the second 60-min epochs and were associated in all cases with CBF values of �20% ( Fig. 5a and  b) . By contrast, the four rats with smaller infarcts showed more modest glutamate elevations, primar ily during the first 60-min epoch, and, importantly, CBF values during both epochs were typically above 20% of preischemic values. These data sug gest, therefore, that the CBF threshold for massive glutamate elevation is �20% of control. 
DISCUSSION
The microdialysis technique provides informa tion concerning the local extracellular environment of the brain (Benveniste et aI., 1984; Ungerstedt, 1984) , while the method of laser-Doppler flowmetry yields a continuous on-line measurement of relative CBF changes from tissue volumes of � 1 mm 3 (Dirnagl et aI., 1989) . Thus, by combining the mi crodialysis method with the laser-Doppler tech nique, it is possible simultaneously to obtain both extracellular neurotransmitter amino acid levels and CBF from the same brain loci.
• As shown in this study, proximal MCA clip-oc clusion in the rat is associated with some interani mal variability in the degree of focal ischemia. While this may be disadvantageous in the evalua tion of potentially effective pharmacotherapy (Brint et aI., 1988) , we were able to take advantage of this variable ischemic intensity in this study, however, to analyze the ischemic CBF threshold for the re lease of neurotransmitter amino acids during focal ischemia.
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We demonstrated that extracellular levels of neu rotransmitter amino acids increased rapidly in the ischemic penumbra in response to an ischemic in sult but subsequently returned to baseline levels de spite the persistence of ongoing ischemia. We also showed that glutamate, GABA, and glycine were all released into the extracellular space at a similar ischemic CBF threshold value of �48% of control. Average CBF values during ischemia correlated well with infarct volume in individual animals. Among the three neurotransmitter amino acids measured, only the magnitude of glutamate release was significantly correlated with cortical infarct volume.
Ischemic threshold for neurotransmitter release
A few previous studies have evaluated the isch emic CBF threshold for extracellular glutamate re lease (Shimada et aI., 1989 (Shimada et aI., , 1990 Matsumoto et aI., 1992) . Although these studies differed in the manner in which extracellular glutamate levels were ex pressed, they demonstrated generally similar isch emic CBF thresholds for glutamate release. Ac cording to Shimada and coworkers (1990) , the 0 40 60 0 20 40 60 %CBF %CBF blood flow threshold for the release of excitatory amino acid in the cat cortex was 20 ml 100 g-I min -I (measured by hydrogen clearance); this cor responds to 36% of their preischemic CBF value.
As others have shown a good linear correspondence between absolute CBF and relative CBF measured by laser-Doppler flowmetry (Dirnagl et aI., 1989) , it is reasonable to infer that the ischemic CBF threshold value of 48% (as defined statistically) for neurotransmitter release in our study was some what higher than in the study of Shimada et al. (1990) . However, our subgroup analysis (Fig. 5 ) revealed that massive glutamate release of the de gree associated with the largest infarcts occurred only at CBF values <20% of control. Thus, discrep ancies between the present results and previous studies may relate in part to the manner in which the threshold level was defined. An additional consideration is that in the previous study (Shimada et aI. , 1990) , brain temperature was not monitored.
In models of focal ischemia in which the scalp and cranium are opened, brain temperature de creases during ischemia unless a method of main taining brain temperature is employed (Morikawa et aI., 1992) . Thus, ischemic brain temperature in the study of Shimada et al. (1990) may possibly have been lower than in the present study. This may have caused the CBF threshold for glutamate release to have been shifted to lower levels. Previ ous studies substantiate that brain temperature re duction modifies ischemia-induced glutamate re-lease (Busto et al., 1989; Mitani and Kataoka, 1991) . Jacewitz et aI. (1992) , based upon their own and other data, showed an interspecies constancy in CBF threshold for infarction when they expressed it as a percentage of basal CBF (Symon et aI., 1974; Morawetz et aI., 1978; Astrup et aI., 1981; Jones et aI., 1981; Marcoux et aI., 1982; Bell et aI., 1985; Symon, 1985) . The approximate infarct threshold was 30-40% of control CBF despite differences in the methods of CBF measurement and in species. This comparison may support the relevance of com paring absolute and relative CBF values.
Glutamate decrease during ischemia in the penumbra Extracellular levels of glutamate are determined by the balance between release and uptake (Wie loch and Westerberg, 1989) . Although ischemia related phenomena such as membrane depolariza tion and elevated arachidonic acid levels may de crease glutamate uptake (Nicholls and Attwell, 1990) , we observed that glutamate attained its peak level at 20-30 min of ischemia and then rapidly de clined to baseline despite ongoing ischemia. A sim ilar decrease in glutamate during ischemia has also been noted by other workers (Butcher et aI., 1990; Graham et aI., 1990) in the cortex of rat focal isch emia models.
There are four possibilities to explain this de crease: (a) A first possibility, the decrease or ces sation of glutamate release into the extracellular space, is probably not sufficient in itself to account for the rapid reduction in extracellular glutamate observed in our study. (b) A second possibility is the removal of amino acids by ongoing microdialy sis itself. However, this seems to be inadequate to explain the rapid decrease because, first, the recov ery rates of the probes used in this study were very low and, second, control levels of amino acids dur ing the preischemic period remained almost con stant. (c) The possibility of removal into the circu lating blood with restoration of blood flow needs to be considered because CBF significantly increased during the later half of ischemia. In models of global ischemia, extracellular glutamate returns to control levels when CBF is restored (Benveniste et aI., 1984; Hagberg et aI., 1985; Globus et aI., 1990; Baker et aI., 1991) . In our study in focal ischemia, CBF gradually increased during the ischemic period (Fig. 1) . To confirm the washout of increased ex tracellular glutamate by blood flow, it may be nec essary to measure the concentration of the gluta mate in the venous outflow. Because we did not measure the outflow concentration, we could not J Cereb Blood Flow Metab. Vol. /3, No.4. 1993 exclude this possibility with certainty. N everthe less, as discussed previously, a significant increase of ischemic CBF did not accompany the decrease of extracellular glutamate levels in animals with small infarcts ( Fig. 5c and d) . Ischemic CBF during the first 60 min in these rats was quite similar to that of the later 60-min period in animals with large infarcts (Fig. 5b and c ), yet considerable increases of gluta mate were observed during the first 60 min in rats with small infarcts. Thus, this observation may sug gest other mechanisms of glutamate removal than partially restored blood flow. (d) To explain this rapid decrease of extracellular glutamate from isch emic brain tissue, we suspect that an intact gluta mate uptake system was operative at least in the penumbral portion of the ischemic cortex. Whether extracellular glutamate was reduced via removal into the bloodstream during recirculation and/or was removed by a high-affinity brain reuptake sys tem that regained its activity prior to or immediately after recirculation still remains to be clarified. Nev ertheless, recent studies support the idea of an in tact glutamate uptake system in the penumbra. Swanson (1992) , in an in vitro study, showed that astrocyte glutamate uptake was maintained largely during hypoxia and uptake inhibition was revers ible. In an in vivo study, Petito and co-workers (1992) suggested that the astrocyte metabolism of glutamate increases after ischemia. Furthermore, Veda et aI. (1992) demonstrated that the glutamate release was low in electrophysiologically confirmed penumbral tissue. Therefore, both the decrease or cessation of glutamate release into the extracellular space and the active astrocyte uptake may explain the rapid decrease of glutamate in the penumbra, where CBF changes dynamically.
Pathological alterations
Cortical infarct volume showed a significant cor relation with average ischemic CBF and with the total magnitude of glutamate release during isch emia. Cortical infarct volume was significantly cor related with peak glutamate release (p = 0.024). Therefore, this study is confirmatory of previous investigations: A significant correlation between ischemic damage and the amount of amino acid re lease (combined glutamate plus aspartate release) was demonstrated in rat model of permanent MCA occlusion (Butcher et aI., 1990) . A similar correla tion was found in transient forebrain ischemia in the gerbil, in which maximal glutamate levels of 13-17 IJ.M in the dialysate represented concentration lev els critical for postischemic neuronal death in the hippocampal CAl region (Mitani and Kataoka, 1991) .
Although postischemic hyperemia was observed for 3 h after recirculation, the present study failed to demonstrate a significant positive correlation be tween cortical infarct volume and postischemic CBF such as was previously reported from our lab oratory (Morikawa et aI., 1992) . In contrast, the current study demonstrated a significant inverse re lationship between average ischemic CBF and cor tical infarct volume. Although we employed basi cally the same model of 2-h transient MCA occlu sion, there were certain differences between the two studies. In the present study, brain temperature was measured from the ipsilateral temporalis mus cle because of the need for implanting a microdial ysis probe in the cortex, while in the previous study brain temperature was measured directly and mi crodialysis was not performed. The position of the laser-Doppler probe also differed in the two studies. These differences may account for the observed discrepancies in that the penumbral region is rela tively narrow (Tyson et aI., 1984; Bolander et aI., 1989) and moderate brain temperature alterations have been shown to have profound effects on the outcome of ischemia (Busto et aI., 1987;  Minamis awa et aI., 1990a).
SUMMARY
We have shown that during temporary MCA oc clusion, penumbral levels of amino acid neurotrans mitter initially rise but subsequently decline to baseline despite ongoing ischemia and that moder ate extracellular glutamate release and massive re lease of GABA and glycine occur at a CBF thresh old of 48%. It was suggested that massive glutamate release might require a lower ischemic threshold of 20%. The magnitude of glutamate release is corre lated to the size of the resultant cortical infarct. These results are consistent with the impressions of previous investigations that have implicated gluta matergic mechanisms in focal ischemic injury. It is well known that MK-801 and other glutamate related receptor antagonists are effective in reduc ing infarct size in focal ischemia models (Ozyurt et aI., 1988; Park et aI., 1988b; Simon and Shiraishi, 1990; Buchan et aI., 1991; Smith and Meldrum, 1992) . While glutamate is a contributory factor, it is nonetheless unlikely to be the sole cause of infarc tion during transient focal ischemia, and other neu rotransmitter systems as well as nonneuronal events may also participate in infarct formation (Plum, 1983; Dietrich et aI., 1991; Globus et aI., 1991) .
